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High-valent MY'=N (M = Ru, Os) species are important reagents in nitrogen transfer reactions; the unique withdrawing
properties of polyoxometalate (POMs) ligands would possibly modify the reactivity of the MY'=N functional group.
In the present paper, density functional theory (DFT) and natural bond orbital (NBO) analysis have been employed
to calculate electronic structures, MY'—N bonding, and redox properties of high-valent metal nitrido derivatives of
Keggin-type POMs, [PW11039 {M"IN}]*~ (M = Ru, Os, Re). Our calculations show that [PW,;03s{RuN}]*~ possesses
stronger antibonding interaction between metal and nitrogen atoms compared with anions [PW;104{OsN}]*~ and
[PW;;036{ReN}}*". A large increase in the Ru—N bond length of anion [PW;;036{RuN}]*~ in the excited states has
been found; the effective order and composition of the molecular orbital in anion [PW;;03{RuN}]*" is a key factor
in determination of the increase of the Ru—N bond length in the excited states. The substitution effects of central
tetrahedron heteroatoms (XO4, X = Al, Si, P, As) in anions [XW;;Os{RuN}]*~ affect the relative energy of the
LUMO; the relevant orbital energy increases in the order Al(lll) < Si(IV) < P(V) ~ As(V). The RuN unit is the
reduced center. NBO analysis of the extent of the bonding interaction between the ruthenium and the nitrogen
centers in [PW1;0{Ru"'N}]*~ shows that the Ru—N bond possesses a covalent feature and displays triple-, double-,
and single-bond character when moving along the change of spin state ("1 — 31 — 51).

1. Introduction the nitridometal (M=N) functional group (such as M = Mn,
Fe, Ru, Os, Re, etc.) and modification of the electronic
properties of the M=N functional group by introduction of
new ancillary ligands (L) (such as L = porphyrin, Schiff
base, aniline, terpyridyl, etc.) have been employed to activate
the M=N functional group. Among them, the high-valent
ruthenium(VI) porphyrin species constitute an important
family because of the extraordinary versatility in binding
N-donating ligands at the axial sites.” For the ancillary ligand,
it is an interesting functionality, the reactivity of which is
sensitive to the ancillary ligands on the metal center. The
M=N functional group can display electrophilic or nucleo-

Utilization of metal nitrido compounds (LM=N) as an
N-atom source in synthesis is receiving increasing attention
because of their potential role in aziridination, nitrogen
fixation, and other processes.' Nitrido complexes of man-
ganese(V) porphyrin,” manganese(V) salen,’ and rutheni-
um(VI) porphyrin® have been used as reagents for the
aziridination of alkenes; however, these complexes need to
be activated with an electrophile such as trifluoroacetic
anhydride to produce imido complexes as the active species.
Various approaches including replacement of the metal in
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electrophilic multiply bonded ligands are good candidates
to be oxidants because they can potentially add nucleophiles
directly at the ligand. For example, the osmium nitridos
undergo direct a [4 + 1] cycloaddition reaction with electron-
rich cyclohexadienes to produce bicyclic osmium amido
complexes in which the nitrogen atom inserts between the
two carbons of the alkene.’

For about two decades, the transition-metal-substituted
Keggin-type polyoxometalates (POMs) have been found to
have catalytic properties in oxygen transfer reactions;®
moreover, these catalysts sometimes exhibit features that are
superficially similar to those observed with analogous
metalloporphyrins. Thus, the lacunary ligand, [PW;,030]”~
in Keggin-type POMs, can be viewed as a porphyrin-like
ligand. It has been suggested that this ligand can act as a
potential multielectron acceptor’ and has been adopted to
activate the metal oxygen compounds with an oxygen donor.
Analogously, the unique withdrawing properties of POM
ligands would possibly modify the reactivity of the M=N
functional group.

Proust and co-worker synthesized and structurally char-
acterized a series of high-valent metal nitrido derivatives of
Keggin typical POMs, especially the hexavalent species, (n-
BusN ) [PW,,05(MY'N)] (M = Ru, Os, Re);'° moreover, the
reactivity of these nitrido derivatives of POMs toward
nucleophilic or electrophilic reagents and nitrogen-atom
transfer to olefins have been considered. Among them, the
electrophilic reactivity of phosphotungsto—ruthenate het-
eropolyanion, [PW, 1039{RuN}]4’,10° has been verified suc-
cessfully. The results showed that [PW;;03{RuY'N}]*~ can
react with triphenylphosphine and released the bis(triph-
enylphosphane)iminium cation [PPh;=N=PPh;]" through
several intermediates. This is combined with examples of
alkene amination and aziridination by ruthenium—nitrido
porphyrin and ruthenium—nitrido salen complexes, which
proved the versatility of the reactivity of the ruthenium—nitrido
functional group corresponding to the diverse ancillary
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ligands.* However, comparing it with the ruthenium—nitrido
functional group in the lacunary ligand [PW,,O3]",
[PW,,039(Re"'N)]*", gave disappointing reactivity.'® These
differences in reactivity for high-valent metal nitrido deriva-
tives of Keggin typical POMs let us undertake a computa-
tional examination of this area.

Quantum chemistry calculations based on the density
functional theory (DFT) formalism is a useful tool for
understanding and rationalizing the electronic structure and
reactivity of high-valent metal derivatives of Keggin-type
POMs anions and analogous high-valent metal complexes.
Such as, systematic DFT studies of the POM—Fe=0*" and
the oxidized form, POM—Fe=0"","' DFT and natural bond
orbital (NBO) studies of electronic structures, spectroscopy
of mononuclear, nonheme{Fe—NO}° complexes,12 and
magnetic circular dichroism spectroscopy combining with
DFT studies of the excited-state structures and bonding in
nonheme Fe'V=0 complexes,'? etc. these results were very
useful in the analysis of its catalytic properties and reactivity.
In the present paper, we report a detailed DFT and NBO
study on the anions [PW;03{MN}]*~ (1, M =Ru; 2, M =
Os; 3, M = Re) and analyze their electronic structures and
chemical bonding features between the M and N atoms in
these POMs anions.

2. Computational Methodology

All of anions studied here were optimized with the BP86'*
generalized gradient approximations, VWN local density func-
tional,' triple-C basis plus polarization Slater-type orbital basis sets,
and the integration parameter 6.0 as implemented in the ADF 2006
program system.'® The 1s shell of N and O, 1s to 2p shells for Al,
Si, and P, 1s to 3d shells for As and Ru, and 1s to 4d shells for W,
Os, and Re have been treated by the frozen core approximation.
The relativistic effects were taken into account using the zeroth
order regular approximation (ZORA).'” The continuum solvation
model COSMO'® and a dielectric constant of acetonitrile have been
performed for solvent effects in this work. The van der Waals radii
for the POM atoms, which actually define the cavity in the COSMO,
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Table 1. Comparison of Experimental and Computational Gas Parameters for Anions 1, 2, and 3

11 12 23
bond comp(BP86) expt comp(BP86) comp(PWO1) comp(PBE) comp(BP86)
r(M—N) 1.640 1.670 1.660 1.661 1.659 1.680
r(M—0g) 2.000 1.970 1.992 1.991 1.992 1.982
r(M—0,) 2.474 2.530 2.484 2.484 2.483 2.532

are 1.41, 1.40, 1.92, 2.10, 2.07, 2.16, and 2.17 A for N, O, P, W,
Ru, Os, and Re, respectively.'® Spin-unrestricted calculations were
performed for all of the open-shell systems in this work.

Single-point calculations were then calculated for the anions at
their optimized geometries with B3LYP?® as implemented in
Gaussian 03;?' the SDD basis set*>* for W and Ru and the 6-31g(d)
basis set for all main-group elements were applied in this work.
The chemical bonding between the Ru and N atoms in each anion
at their ADF-optimized ground-state geometries was evaluated by
NBO analysis of the density matrix obtained from B3LYP single-
point calculations. All NBO studies were carried out with the NBO
5.0 software package.”

3. Results and Discussion

3.1. Ground-State Structures. Earlier calculations on
POM species of the Keggin structure showed marginal
differences between the X-ray-measured and DFT-optimized
geometry. In the present paper, X-ray structures of these
monosubstituted Keggin anions are still lacking due to
positional disorder.'® Thus, by adopting the strategy pro-
vided by Neumann et al.3" we started from [PW,0,4]° and
generated [PW;,03{MYIN}]*" (M = Ru, Os, Re) using
replacement of a single [W=0] group with [M—N] (M =
Ru, Os, Re). The ground state of anions 1 and 2 was found
to be the closed-shell singlet state '1 and !2, respectively,
which fully agrees with the diamagnetic feature of
[PW,;03{Ru¥N}]*" with C, symmetry as obtained by
experimental measurement.'’ For the anion 3, the ground
state is the open-shell doublet state 23.%* For spin-unrestricted
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calculations, the calculated square of total spin is quite close
to its eigenvalues s(s+1/), which indicates that spin contami-
nation is minor (see Table S3, Supporting Information).

A comparison of the ground-state (gas-state) parameters
shows good agreement between the experimental and the
calculated parameters. The computed Ru—N bond length of
anion 1, (Ru—N) = 1.64 A, is very similar to the extended
X-ray absorption fine structural (EXAFS) values (1.67 A)
(see Table 1).'% The calculated average length of four Ru—O
bonds (equatorial site) is 2.00 A; the Ru—05 distance, with
a tetrahedral PO, unit, is 2.47 A; the largest discrepancy
is the Ru—O5 distance where the computed value is 0.06 A
shorter than the experimental value. In many respects, the
DFT-optimized and experimental structures for POM systems
were similar, as judged by comparison of bond lengths and
bond angles; the discrepancy in the bond lengths deviations
between theory and experiment was always smaller than 0.1
A% Although an experimental value of anion 2 is lacking,
the Os—N bond lengths calculated by BP86, PW91, and PBE
functionals are very similar to each other, r(Os—N) =
1.659—1.661 A, and in agreement with the reported Os—N
distances ranging from 1.525 to 1.703 A determined by X-ray
crystallography.®® The M—N distance decreases as M =
Re(1.68 A) > 0s(1.66 A) > Ru(1.64 A), which can relate
this trend to the size of the M atom.

Release of the nitrogen atom is due to cleavage of the
M—N bond; as mentioned above, the computed ruthenium—
nitrogen bond length is 1.64 A and displays the triple-bond
feature. This bond length in POM was slightly longer than
those of nitrido ruthenium complexes with tri- or tetradentate
nonporphyrin ligands (1.594—1.615 A).?® For visualizing the
M—N (M = Ru, Os, Re) binding, we listed some relevant
orbitals of anions 1, 2, and 3 in Figure 2. It can be found
that anions 1, 2, and 3 qualitatively have the same bonding
scheme. Figure 2 gives a pictorial description of one
o-bonding orbital and two s-bonding orbitals for three
anions. The o-bonding orbitals of anions 1, 2, and 3 display
the large nitrogen s-orbital character (>80% according to
DEFT calculations).

The question we are now concerned with is the similarities
and differences of the orbital properties of 1, 2, and 3 in the
ground states, focusing especially on the M—N antibonding
interaction. The frontier molecular orbital (FMO) energy
level diagrams and relevant molecular orbitals of anions 1
and !2 are shown in Figure 3, while Table 2 summarizes the
electronic structural parameters.

Ruthenium and osmium atoms are in the same group and
a different row in the periodic table. This difference generates
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Figure 1. Geometrical structures of [PW;03{M"YN}]*~ (1, M = Ru; 2,
M = Os; 3, M = Re). The most important bond lengths are given in Table
1 (where OS5 denoted the oxygen of the tetrahedral PO,*™ unit).

Figure 2. Plot of some relevant orbitals of anions 1, 2, and 3 showing
visualization of the M—N (M = Ru, Os, Re) bonding.

the different d-orbital splitting. The whole FMO energies of
anion 2 are shifted to higher energies relative to anion 1;
the energy of the nonbonding orbital (HOMO) is shifted by
~0.5 eV. On the other hand, the LUMO and LUMO+1 of
anion 1, two nearly degenerate unoccupied orbitals, are
Ru—N antibonding orbitals with 7z symmetry. This result fits
the widely accepted Ballhausen and Gray d-orbital splitting
pattern for pseudo-octahedral complexes with one multiply
bonded ligand.27 However, in anion 2, the strong Os—N
antibonding orbitals are shifted to the higher unoccupied
orbitals (LUMO+4, LUMO+5) (see Figure 3); LUMO and
LUMO+1 of anion 2 are mainly formed by the contributions
of the tungsten d orbitals, which are not related to the Os—N
bond. Although LUMO+2 and LUMO+3 have contributions
from the OsN unit, the low compositions determine that the
two orbitals are not strong Os—N antibonding orbitals.

(27) Balhausen, C. J.; Gray, H. B. Inorg. Chem. 1962, 1, 111.
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Unfortunately, for anion 3, we did not find the Re—N
antibonding orbitals in the 10 lowest unoccupied orbitals (see
Table 2).

In anion 1, the contributions of the RuN unit in LUMO
and LUMO+1 are ~83% and ~78%, respectively. It is larger
than that of the OsN unit in LUMO-+4 and LUMO-+5 (73%
and 47%) for anion 2. The larger RuN unit compositions of
1 compared to 2 mainly arise from the compositions of the
nitrogen p orbital. All of the results indicate that anion 1
possesses a stronger antibonding interaction between the
metal and the nitrogen atoms than that of anions 2 and 3.

According to the FMO theory, a good electrophile requires
low-lying unoccupied orbitals with high molecular orbital
compositions on the reacting atom to achieve good overlap
with the FMOs on the nucleophilic reagent (such as
triphenylphosphine).'®'3® In our studied systems, the M—N
antibonding orbitals are the key FMOs; the nitrogen atom is
the reacting atom, which interacts with the electron density
of the nucleophilic reagent. As mentioned above, these
differences in the calculated FMOs and especially the
antibonding orbitals provide insight into the differences in
reactivity between anions 1 and 3. Obviously, the reactivity
of the two anions are significantly different; anion 1 exhibits
high reactivity and is capable of bonding the triphenylphos-
phine. However, anion 3 cannot provide the effective
unoccupied orbitals and thus gives disappointing reactivity.
All of the results are in agreement with the experimental
studies.'® We found that anion 1 has stronger and lower-
energy Ru—N antibonding orbitals compared with anions 2
and 3, and thus, anion 1 is a stronger electrophile than 2
and 3 according to our DFT calculations.

On the basis of the strong antibonding interaction in anion
1, the substitution effects of the central tetrahedron heteroa-
toms (XO,4, X = Al, Si, P, As) have been considered; the
optimized key geometrical parameters are presented in Table
3. The results show that the Ru—N bond length decreases
in the order AI(IIT) > Si(IV) > P(V) > As(V); the calculated
values, (Ru—N) = 1.639—1.655 A, are very similar. The
bond lengths in Table 3 also show that there are not
significant changes with replacement of the tetrahedron
heteroatoms.

The relative energy of the LUMO increases in the order
Al < Si(dV) < P(V) = As(V) (see Figure 4). Obviously,
the anion charge significantly affects the orbital energies.
The relative energy of the LUMO in [PW;,03{RuY'N}]*~
is 0.22 eV larger than that of [AIW;;O3{RuVIN}I®".
However, the order and composition of the RuN antibonding
orbitals (LUMO and LUMO-1) in each anion does not
change with replacement of the central tetrahedron heteroa-
toms. According to the orbital diagram in Figure 4, a direct
consequence is that the first reductions in these anions take
place at the RuN functional group. Simultaneously, the RuN
antibonding orbitals (LUMO and LUMO+1) indicate that
the extent of the bonding interaction between the Ru and N
atoms would be weakened in the reduced process.

(28) Romo, S.; Antonova, N. S.; Carbo, J. J.; Poblet, J. M. Dalton Trans.
2008, 5166.
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Figure 3. Frontier molecular orbitals for anions '1 and '2.

Table 2. Electronic Structure Parameters for Anions 1, 2, and 3

1 12 3
Ru N POM Os N POM Re(a) Re(f) N(a) N(B) POM(o) POM(p)
charges 1.89 —-0.47 —5.42 2.01 —0.54 —5.48 2.08 —0.61 —5.47
MO[%]
LUMO 37 45 18 0 0 100 0 36 0 0 100 0
LUMO++1 34 44 22 0 0 100 2 0 0 0 98 100
LUMO+2 5 0 95 12 11 77 0 9 0 0 100 91
LUMO+3 0 0 100 5 5 90 0 0 0 0 100 100
LUMO+4 19 0 81 33 40 27 9 0 0 0 91 100
LUMO++5 0 0 100 22 26 52 0 12 0 0 100 88
Table 3. Optimized Geometries of [XW;;03{Ru"'N}]"" (X = Al, Si, P, As)
bond [AIW},03{Ru"'N}1°~ [SiW1,050{Ru"'N}I*~ [PW1059{Ru"'N}]* [AsW,,03{Ru"'N}I*
M—-N 1.655 1.649 1.640 1.639
M-0, 2.038 2.013 2.010 2.023
M-0, 2.038 2.013 2.010 2.023
M—0; 1.999 1.986 1.987 1.999
M—0y, 1.999 1.986 1.987 1.999
M—0s 2.286 2.389 2.474 2.372
3.2. Excited-State Structures of Anions 1 and 2. The 5, where the s7*-antibonding interaction between the nitrogen
orbitals associated with the RuN functional group and their and the ruthenium atoms is mostly across the RuN functional
adjacent orbitals of [PW;030{Ru"'N}]*" are shown in Figure group (7,.*, 7,.;*). Thus, we calculated a triplet state with a
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Figure 4. Molecular orbitals scheme for several [XW;03{RuN}]" (X =
Al, Si, P, As) anions.

o'7r! configuration and a quintet state with an oxo'd!z*!7z*!
configuration, where the two Ru—N s*-antibonding orbitals
are successively occupied in the two spin states. The
corresponding triplet and quintet state 31 and 51 were 24.54
and 61.23 kcal/mol higher than the ground state. The key
optimized bond lengths for 3°1 are listed in Table 4. This
weakening of the Ru—N bond by the electron shifting to
Ru—N sr*-antibonding orbitals leads to a distortion of the
Ru—N bond length in the excited state. The Ru—N bond
gets longer as these Ru—N s*-antibonding orbitals are
occupied in different spin states; the difference in the Ru—N
bond length between the singlet and quintet states is 0.42
A. In the equatorial plane, the average Ru—O bond length
in the excited states is shorter than that of the ground state,
which indicates there is more bonding interaction in the
equatorial plane in the excited states compared to the ground
State.

The spin densities in the two high spin states 31 and 51
are shown in Table 5; it can be found that the spin densities
in 31 and 51 are localized on the RuN unit (1.5 and 3.3);
some spin densities are located on the four coordinated
oxygen atoms (O1—04). This feature is in good agreement
with the electronic structures in Figure 3, which demonstrates
that the Ru—N s* orbitals have been occupied in two high
spin states.

By contrast, we optimized the geometry of the excited state
with the electronic configuration 32 and 52 corresponding to
anion 1; in two excited states of anion 2, the increase in the
Os—N bond lengths is Ar(Os—N) = +0.01 and +0.03 A
for 32 and 52, respectively (see Table 4). This increase in
the Os—N distance is not significant when compared with
the Ru—N bond length in the excited states. This feature
results from the LUMO and LUMO+1 of anion 2 not being
Os—N antibonding orbitals. The trend of a larger increase
in the Ru—N bond length of anion 1 relative to anion 2 in
the excited states reflects the more effective order and
composition of FMOs.

3.3. Redox Properties. The one-electron-reduced species
24 reduceds reduceds ANd Brequcea' *° have been optimized. For
anion 1, the high-spin state *1 equcea is 25.97 kcal/mol higher
than that of the doublet state, 21 equced. It is well known that
POMs can be reduced by addition of various numbers of
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electron; the geometrical structures of the reduction products
still retain the general structures of their oxidized parents
because the additional electrons are delocalized over the
nonbonding metal d-like orbitals. However, for anion 1,
LUMO and LUMO+1 are the localized Ru—N antibonding
orbitals; thus, the reduced process would significantly alter
the Ru—N distance. Table 4 gives key data from theoretical
computations on the “gas-phase” structure of one-electron-
reduced species in anions 1, 2, and 3. For anion 1, it can be
found that the Ru—O bond length in the equatorial plane
and the Ru—O5 bond length do not alter significantly in the
one-electron-reduced process. However, the Ru—N bond
length gets a larger increase compared with these Ru—O
bond lengths in the one-electron-reduced process, Ar(Ru—N)
=0.065 and 0.146 A for 1 equcea and *1requcea T€SpeECtively.
By contrast, the M—N (M = Os, Re) bond distances of
anions 2 and 3 are almost constant in the reduction process.**

As mentioned above, the LUMO of 1 is composed of
about ~45% N and ~37% Ru; it is more likely that the RuN
unit will prefer to accept the electrons when the anion is
reduced. However, for anions 2 and 3, the OsN and ReN
units would not be the reduction center according to
molecular orbital analysis. Unrestricted calculations of one-
electron-reduced species were performed to check predictions
made by molecular orbital analysis. The spin polarizations
in Table 5 show that the additional electron in 21 educed
localizes on the N center with a 0.57 spin alpha electron
and the Ru center with a 0.29 spin alpha electron. In other
words, the one-electron-reduced species of anion 1 may be
described as having substantial [PW;;039{Ru"!N"} >~ char-
acter, even though in the high-spin state of reduction species
1 educea> the N atom still carries a large spin density (1.12
of N vs 1.09 of Ru). This feature does not change when
solvation is included. For anion 2, the reduced electron in
22 educea localizes on the POM ligands; the spin density on
the OsN units is very low, which demonstrates that the OsN
unit is not the reduced center (see Table 5). We calculated
the four-electron-reduced process of anion 3;** the results
showed that the reduction center of anion 3 is the rhenium
core.

3.4. Bonding Analysis of the Ru—N Bond in the
Ground and Excited States. In order to investigate the
bonding feature between the Ru and N centers in the present
paper, the extent of bonding interaction between the Ru and
N centers in the [PW,030{RuN}]*" anion with different spin
states was computed using NBO theory. The conventional
parameters are frequently used to characterize the bonding
situation in molecules; the bond orders and NBO distribution
have been analyzed in this work.

The calculated Wiberg bond indices (WBI) in
[PW,,039{RuN}]*" with different spin states and oxidizing
states are listed in Table 6; the results indicate that the Ru—N
bond possesses triple-, double-, and single-bond character
when moving along the change of spin state (11 — 31 — 1)
(see Figure 6), as supported by (i) the calculated WBI values
of 2.374, 1.815, and 0.96 (Table 6), (ii) the three doubly
occupied bonding NBOs, four singly occupied, and two
singly occupied bonding NBOs between the Ru and N
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Table 4. Comparison of Calculated M—X (M = Ru, Os; X = N, O) Bond Length in the Ground States, Excited States, and One-Electron-Reduced

Species for Anions 1, 2, and 3

bond 11 31 51 2lreduced 4lreduced 12 32 52 22'reduced 23 13reduced
M—-N 1.640 1.723 1.957 1.705 1.786 1.660 1.671 1.691 1.666 1.680 1.681
M-0, 2.010 2.008 1.993 2.082 2.027 2.003 1.958 1.972 2.004 1.983 2.009
M-0, 2.010 1.996 1.976 2.024 2.031 2.003 1.964 1.973 2.004 1.983 2.009
M-0; 1.987 1.984 1.966 1.991 1.997 1.981 1.935 1.948 1.976 1.982 1.994
M—-0, 1.987 1.997 1.986 2.044 2.024 1.981 1.938 1.948 1.976 1.982 1.994
M—Os 2.474 2.392 2.330 2.463 2.390 2.484 2.453 2.463 2.498 2.532 2.558

Table 5. Mulliken Charge and Spin Density of Selected Atoms in
Anions 1, 2, and 3

Table 6. Selected NBO-Calculated Wiberg Bond Indices (WBI) in
Anion 1

11 31 51 bond 11 31 51 ereduced 41reduced
atom  Mulliken  spin  Mulliken spin Mulliken spin Ru—N 2.374 1.815 0.960 1.967 1.262
Ru—0; 0.474 0.481 0.479 0.392 0.433
11:1/1 _(l)igg _(1)25(1) 82%? _(1)‘7‘;; }gég Ru—0, 0.474 0.5001 0.537 0.391 0.424
o1 —0.885 —0.868 0'090 —0.872 0'094 Ru—0;3 0.470 0.4791 0.532 0.395 0.430
02 _0'945 —0.880 0'072 —0.875 0'135 Ru—0y4 0.470 0.455 0.458 0.399 0.407
03 —0.904 ~0903 0.066 —0889 1527 Ru—0s 0.078 0.090 0.108 0.075 0.078
04 —0.904 —0.892 0.084 —0.888 1.760 : : S
05 101 S1020 —0001  —1018 0094 Suppor.tmg Information). In all the NHO, the pOlaI‘I.ZEltl.OIl
coefficients between the Ru and N centers are not signifi-
2 4 1 . .
Lreducea Lreducea 2 cantly different, which suggests the covalent character of the
atom  Mulliken spin Mulliken spin Mulliken  spin Ru—N bonds. NBO analysis of *1equcea SUggeSts that the
M 1527 1.689 0289 1679 2015 bonding interaction between the Ru and N centers is very
gl (1)-(7)82 _8-322 8-8?; _8-23‘5* _88(3); similar in terms of symmetry and bond order to the
. —VU. . —VU. —VU. . 3 _ . 2
02 0135 —0.890 0009 —0877 —0.902 calculatllons for °1 (see Table 1). The .Ru. N bond in “1 equced
03 1.527  —0.908 —0.012 —0.897 —0.926 has obvious double-bond nature, as indicated by the calcu-
8§ (1)-(7)32 —?-gﬁ 8-88; —?-gg; —?-ggg lated bond order of 1.967. For the singlet state of anion '1,
: i i i i the ruthenium(VI) core processes a 4d> configuration; NBO
2reduced 3 "3 cduced calculations indicated that one lone pair (Ip) on the ruthenium
atom  Mulliken spin  Mulliken  spin Mulliken  spin atom has mainly d character and is practically occupied by
M 20135 0005 2082  0.670 1.960 two electrons, which indicates this 4d orbital of the ruthenium
N —-0.593  0.002 —0.610 —0.086 —0.674 atom was not the bonding atomic orbital. It agrees with the
0l —0.914 0016 —0.922 0.024 —0.919 DFT calculations, that is, the nonbonding double-occupied
02 —0.914 0.016 —0.922 0.024 —0.919 . -1 .
03 —0.932 0.012 —0.938 0.015 —0.928 0 d-metal orbital (HOMO) in ‘1 (See Flgures 3 and 5) All
04 —0.932 0.012  —0.938 0.015 —0.928
05 ~1023  —0001 —1022 —0000  —10I8 N N N N

centers in singlet, triplet, and quintet spin states, respectively
(see Table S1, Supporting Information), and (iii) the Ru—N
bond gets longer from 1.64 to 1.96 A with the change of
spin state. Inspection of natural hybrid orbital (NHO)
compositions and occupancies suggests that the bonding
interactions between the Ru and N centers are ¢ and &
symmetry for 31 and ¢ symmetry for 51 (Table Sl1,

[1.967] || 1.705 [2374]]| 1640  [1.815] || 1.723

Ru Ru Ru Ru
+le
POM - POM - POM - POM
1 31 51

2
lreduced

[0.960] | 1.957

Figure 6. Bonding interactions between Ru and N centers according to
the NBO Analysis (values are bond lengths and bond orders (in brackets)
of the Ru—N bond).
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Figure 7. Molecular orbital scheme for anions 1 and 2 in acetonitrile and the gas phase (in parentheses).

of the results reveal that the bonding interaction between
the ruthenium and nitrogen atoms can be weakened by
modification of the spin and oxidation stats, which is
summarized in Figure 6.

3.5. Solvent Effects. As mentioned above, the order and
composition of FMOs of these anions is an important factor
in determination of their reactivity, redox properties, and
excited-state structures. However, it is well known that highly
charged anions do not exist in the gas phase; moreover,
FMOs of the negatively charged system are sensitive to the
size of the basis sets. Thus, single-point calculations with
their ADF-optimized ground-state geometries in the gas
phase, continuum solvation model COSMO, a dielectric
constant of acetonitrile, and a large size basis sets in ADF
program, TZ2P, which is core double-£, valence triple-¢,
doubly polarized basis, have been employed for solvent and
basis considerations. Figure 7 gives the energy of some
FMOs for anions 1 and 2 in acetonitrile solution and in the
gas-phase (in parentheses); it is found that the solvation effect
significantly decreases the FMO energies. For anion 1, the
LUMO and LUMO+1 appear at quite negative energies
(about —4.38 eV). The FMO energies of anions 2 and 3 also
give the same feature. However, the relative energies between
these FMOs did not change largely when compared with the
absolute FMO energies; the HOMO—LUMO gap for anion
2 in the gas phase is 1.2 eV and in solution 1.3 eV. In
addition, we did not observe any distinct difference in the
order and composition of FMOs of anions 1, 2, and 3
between the gas phase and solution provided by solvent
calculations with large size basis sets (see Figure 7).
Therefore, the study of the electronic structure of the gas-
phase anion is enough to understand the reactivity, redox
properties, and excited-state structures of these POMs.

4. Summary

In this paper, we describe systematic DFT calculations for
ground states, excited states, and reduction states of Keggin-
type POMs, [PW,,03{MN}]*" (M = Ru, Os, Re). The
results show that anion 1 possesses strong antibonding
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interactions between the metal and nitrogen atoms. A large
increase in the Ru—N bond length of anion 1 in the excited
states has been found; the effective order and composition
of FMOs in anion 1 is the key factor. For anion 1, the
substitution effects of the central tetrahedron heteroatoms
(XO4, X = Al, Si, P, As) affect the relative energy of LUMO;
the relevant orbital energies increase in the order AI(III) <
Si(IV) < P(V) = As(V). The order and composition of FMOs
and the geometrical structures are almost independent of the
nature of X. The RulN unit in anion 1 is the reduced center,
and the Ru—N bond length increases in the one-electron-
reduced process, but the lengths of the Os—N and Re—N
bonds for anions 2 and 3 are not significantly changed in
the reduced processes. NBO analysis of the extent of bonding
interaction between the ruthenium and nitrogen centers in
anion 1 shows that the Ru—N bond possesses a covalent
feature and displays triple-, double-, and single-bond char-
acter when moving along the change of spin state (11 — 31
— 51)’
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